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Abstract
Biofertilizers are currently considered the only alternative of chemical fertilizers. In addition, improving the effect of biofer-
tilizers can make chemical fertilizers less demanded, thereby leading to the reduction of adverse environmental effects. In the 
present study, three rice rhizosphere bacteria (Bacillus megaterium DD-2, Bacillus aryabhattai DD-3 and Bacillus subtilis 
DD-4) were isolated and then identified from the soil of a farm in Northeast China. As revealed from the results, all isolates 
exhibited the ability to dissolve potassium and phosphorus. To be specific, DD-4 was capable of dissolving potassium to 
the greatest extent (1.37 mg/L), DD-2 could maximally dissolve inorganic phosphorus (288.33 mg/L) and DD-3 exhibited 
the maximum solubility of organic phosphorus (31.58 mg/L). All isolates were capable of synthesizing Indole-3-acetic acid 
(IAA) (55.66 ~ 75.89 mg/L), Gibberellic acid (GA) (16.33 ~ 23.58 mg/L) and siderophores (38.77 ~ 52.88%). As suggested 
from the results of the pot experiment, the isolates were capable of promoting the shoot and underground part of rice seed-
lings. With the increase in the concentration of isolates and the time of addition, the overall effect of the isolates to boost 
rice seedling growth first increased and then leveled off. The mentioned isolates were observed to exhibit great potential 
for being biologically applied. However, the impact of isolates on rice required more specific assessments under biotic and 
abiotic stress before being recommended as biofertilizers.
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Abbreviations
IAA	� Indole-3-acetic acid
GA	� Gibberellic acid
LB	� Luria–Bertani
CAS	� Chrome Azurol S
DD-2	� Bacillus megaterium DD-2
DD-3	� Bacillus aryabhattai DD-3
DD-4	� Bacillus subtilis DD-4

Introduction

Rice refers to one of the critical crops worldwide and the 
staple food crop for half of the world’s population (Das and 
Osborne 2020). The total rice planting area and global rice 
production, respectively, reach 16.25 million hm2 and 74.09 
million t in the world. It is a grain as well as a lifeline (Sun 
et al. 2020). To achieve the optimal yields of rice, high ferti-
lizer rates are required. Excessive use of synthetic fertilizers, 
however, can result in soil, air and water pollution (Kang 
et al. 2017). Moreover, most chemical fertilizers applied to 
plants are easy to exploit, and they are leached away or fixed 
to plant-unavailable forms in the soil (Fahad et al. 2014). 
The rice rhizosphere covers various plant growth boosting 
bacteria. Furthermore, it is considered to be essential to 
gradually replace synthetic fertilizers with biological ferti-
lizers and beneficial microorganisms (Lu et al. 2018).

There have been numerous studies on the efficiency of 
biofertilizers in rice production and agricultural production 
(Bakhshandeh et al. 2020). Besides, several biofertilizer 
formulations have been developed by well-known research 
institutions, especially in developing nations, and these 
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institutions are constantly seeking for effective microorgan-
isms in biofertilizer formulations (Du et al. 2019). Plants 
absorb a range of mineral elements as nutrients to achieve 
their ideal growth. To be specific, phosphorus (P) and 
potassium (K) are considered the major elements required 
for plant survival (Lee et al. 2019). In the soil, there are 
considerable P and K elements in the form of silicate and 
phosphate, whereas they exhibit poorly assimilable forms 
(Mitra et al. 2018). Biofertilizers refer to inoculants of live 
microorganisms, capable of dissolving silicate and phos-
phate to boost plant growth (Naseer et al. 2020). In addition, 
microorganisms secrete stimulating hormones (e.g., gibber-
ellins, auxins and siderophores) (Fahad et al. 2015). Thus, 
a growing number of farmers and scientists come to realize 
that using biofertilizer is effective for sustainable agriculture 
and capable of maintaining environmental-friendly nutrition 
management and ecosystem functions (Banik et al. 2019).

If biofertilizer affects rice growth, the addition concentra-
tion and time are of critical importance (Sakoda et al. 2019). 
Overall, chemical fertilizers should be applied 2 to 3 times 
or more, and applied after 7 or 10 days of rice growth (Patra 
and Haque 2011). It has been demonstrated extensively that 
the fertilizer added on the 10th day of the seedlings grew 
more significantly, compared with the fertilizer added on 
the 12-, 14- and 16-day, and the above and below-ground 
characteristics of the rice seedlings varied with the concen-
tration of the added fertilizer (Xiao et al. 2019). Accordingly, 
to obtain the optimal rice growth, the appropriate time and 
attention of biofertilizer application should be determined. 
The present study adopted soil in Northeast China as the 
material to isolate and identify the rhizosphere bacteria of 
rice. The potential of the isolates to promote rice growth 
was verified by quantitatively analyzing the isolates physi-
ological and biochemical properties, silicate and phosphate 
solubilization capacity and plant hormones (IAA, GA and 
siderophores). Furthermore, the effect of isolates as inocu-
lants on the growth of rice in pots was studied, and the con-
centration and time conditions of isolates as rice microbial 
fertilizers were further determined.

Materials and Methods

Description of the Study Site and Soil Samples

The rhizosphere soil for isolation of growth-promoting bac-
teria was collected from a rice field (grown for 180 days) of 
organic Farm in Jiamusi district (latitude 47°48′ N, longitude 
131°75′ E), and the farm is located in northeastern China. 
The main climate of the farm consists of low temperature 
and drought in spring, warm and rainy summer, easy water-
logging and early frost in autumn, as well as cold and long 
winter (Fang et al. 2013). The soil used in the pot experiment 

was taken from 0 ~ 10 cm soil layer of the farm. The air-
dried sample went through a 4-mm sieve. The initial soil 
physical and chemical properties included pH 5.89, organic 
matter 20.67 g/kg, total nitrogen 1.18 g/kg, available phos-
phorus 2.43 mg/kg and available potassium 50.7 mg/kg. The 
rice seed (Longjing 31) employed in the present study was 
offered by the Beidahuang Seed Industry in China.

Isolation and Culture of Rhizospheric Bacteria

Ten grams of soil samples in 90 mL of sterile water was 
suspended and diluted sixfold for bacterial isolation. In addi-
tion, the isolates were isolated with Luria–Bertani (LB) agar 
medium, cultured at 30 °C for 3 days and then isolated from 
independent colonies. Subsequently, the isolated microor-
ganisms were re-streaked and then cultured in LB medium 
for 3 days (Saleemi et al. 2017).

Assessment of the Ability to Solubilize Insoluble 
Silicate and Phosphate

The bacterial isolates were inoculated into Alexander Rove 
solution and cultured at 30 ℃ and centrifugation 120 rpm 
for 168 h. Subsequently, the solubilization of silicate was 
determined by flame spectrophotometry (Zhang and Kong 
2014); the bacterial isolates were inoculated in Pikovskaya 
medium (inorganic phosphorus) and Mengjinna medium 
(organic phosphorus), and then, they were cultured at 30 °C 
and centrifugation 120 rpm for 168 h. Next, the solubiliza-
tion of available phosphorus was determined by phospho-
molybdate spectrophotometry (Munira et al. 2018). Among 
the screened isolates, three isolates exhibiting the largest 
silicate and phosphate solubilizing ability were selected for 
further analysis.

Biochemical and Phenotypic Characteristics

The morphology and structure of bacterial cells were 
observed under an optical microscope. The phenotypic 
characteristics were characterized by complying with the 
standard method described by Bergey’s Manual of System-
atic Bacteriology (Majeed et al. 2015).

Molecular Characterization

DNA was extracted using genomic DNA extraction kit 
(Meiji, Shanghai). The 16S rDNA was sequenced by Shang-
hai Meiji Company. The sequencing results were analyzed 
using NCBI database for homologous sequences of 16S 
rDNA. Phylogenetic analysis was performed using MEGA 
5.0 software and an adjacency algorithm (Thurasi et al. 
2018).
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Determination of Optimum Growth of Bacterial 
Isolates

To investigate the influence of temperature and pH on the 
growth of isolates, the isolate was inoculated into a flask 
of 150 mL LB medium, with the pH value controlled at 
a constant value of pH 7, while the temperature was kept 
at 24, 26, 28, 30 and 32 °C. The samples were cultured at 
120 rpm for 24 h, and then, the amount of the isolates in 
the culture medium was measured with an ultraviolet–vis-
ible spectrophotometer (PG-instrument T6, Beijing, CHN) 
to try to measure the optimal temperature. The fermenta-
tion temperature was kept constant at 30 °C, while the 
culture was performed at various constant pH values of 
6.0, 6.5, 7.0, 7.5 and 8.0. The number of isolated bacteria 
in the fermentation broth was measured using an ultravio-
let–visible spectrophotometer at 120 rpm for 24 h, and 
the optimal initial pH was determined (Amoozegar et al. 
2018).

Growth‑Promoting Potential of Bacterial Isolates

Production of Indole Acetic Acid

The isolated bacteria were inoculated into LB broth sup-
plemented by 50 g/mL tryptophan and then cultured at 30 
°C for 24 h. The bacterial culture solution was centrifugated 
at 10,000 rpm (centrifuge, Hitachi CT15RE, Tokyo, Japan) 
for 10 min. The supernatant was collected, and then, 4 mL 
Salkowski reagent was added (50 mL 35% HClO4, 1 mL 
0.5 M FeCl3). The mix was subsequently kept in the dark for 
60 min. The optical density was measured at 540 nm, and the 
concentration of IAA synthesized was determined by using 
the standard curve method (Kumari et al. 2018).

Production of Gibberellic Acid

The bacterial isolates were inoculated into the LB culture 
solution and then cultured at 30 °C for 48 h. The bacterial 
culture solution was centrifugated at 4000 rpm (centrifuge, 
Hitachi CT15RE, Tokyo, Japan) for 10 min. Subsequently, 
the supernatant was collected, add concentrated sulfuric 
acid into the supernatant and adjust the volume to 200 mL. 
The optical density was measured at 412 nm, and the con-
centration of GA synthesized was determined by using the 
standard curve method (Mussa et al. 2018).

Production of Siderophore

The bacterial culture solution was centrifugated at 
4000 rpm for 10 min at 4 °C. Cell-free supernatant was 

assayed for the qualitative detection of siderophore by 
using Chrome Azurol S (CAS) shuttle assay (Bhatt and 
Maheshwari 2020a, b).

Pot Experiment

The rice seeds were added to 95% ethanol and stirred for 
1 min. In addition, the seeds received the 20-min stirring 
after being added to 1.2% sodium hypochlorite. Then, they 
were rinsed with sterile water 5 times. The seeds were 
soaked in sterile water for 2 days, and the 3 growth-promot-
ing bacteria were cultured in LB medium resuspended and 
then rinsed with sterile water. Afterward, the seeds were 
diluted to the concentrations of 106 (a), 107 (b), 108 (c) and 
109 (d) CFU/mL, respectively. Each nursery pot was filled 
with nursery soil (250 g), and each pot was sown with 20 
germinated seeds. The diluted bacterial solution was soaked 
with the seeds (10 mL bacterial solution for each seed and 
6 h for soaking) for 0, 10, 20, 30 and 40 days (10 mL bacte-
rial solution for each seed directly) into the nursery soil in 
the standard under 18 h of light, 25 ± 2 °C and 60% relative 
humidity. Moreover, the seeds were placed in the growth 
room for 50 days, and then, sterilized water was added to 
build a control. All treatments were replicated three times, 
and sterile water was introduced to the nursery pot regu-
larly (Lee et al. 2015). The rice seedlings were measured for 
50 days. To be specific, the measurement was conducted for 
the above-ground indicators (e.g., plant height, stem diam-
eter, above-ground fresh weight and chlorophyll content) 
and below-ground indicators (e.g., root length, root fresh 
weight and root activity) (Xiao et al. 2017; Roca et al. 2018; 
Moretti et al. 2020).

Statistical Analysis

The data were subjected to analysis of variance (ANOVA), 
and means were separated by the Duncan’s multirange test 
using the SPSS package (version 16.0). Values of P ≤ 0.05 
were taken as statistically significant.

Results

Isolation and Culture of Rhizospheric Bacteria

Among all 10 isolates, 3 exhibited the ability to dissolve 
potassium and phosphorus isolates were selected for further 
investigation. The surface of the three isolates (DD-2, DD-3 
and DD-4) was observed to be smooth in appearance and 
rod-shaped. In addition, the physiological and biochemical 
characteristics of the isolates are listed in Table 1.
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Phylogenetic Analysis of Isolates

By complying with 16S rDNA gene sequencing of bacterial 
isolates DD-2, DD-3 and DD-4 (GenBank Accession No. 
MT672776, MT672779 and MT272777), the closest phylo-
genetic relationship was demonstrated with Bacillus mega-
terium strain Z1 (GenBank Accession No. MN830159.1), 
Bacillus aryabhattai strain HTI21 (GenBank Accession No. 
MK521057.1) and Bacillus subtilis strain CPM-STR-4 (Gen-
Bank Accession No. FJ687601.1), respectively, exhibiting 
99.65%, 96.2% and 97.5% sequence similarity. The isolates 
were, respectively, identified as Bacillus megaterium strain 
(DD-2), Bacillus aryabhattai strain (DD-3) and Bacillus 
subtilis strain (DD-4) (Fig. 1).

Determination of Optimum Growth of Bacterial 
Isolates

After the bacterial isolates (DD-2, DD-3 and DD-4) were 
cultured at different temperatures for 24 h, the number of 
viable bacteria reached over 2.2 × 106 CFU/mL, and the 
maximum viable bacteria number at 30 °C was 5.8 × 107, 
4.6 × 107 and 4.8 × 107 CFU/mL; the isolates were cultured 
under different initial pH values, and the isolates grew effec-
tively. When the initial pH value was 7, the number of viable 
bacteria was the maximum, which was 5.2 × 107, 4.4 × 107 
and 4.6 × 107 CFU/mL (Fig. 2).

Growth‑Promoting Potential of Bacterial Isolates

Figure 3a illustrates the solubilizing capacity of insoluble 
silicate (K) and phosphate (organic and inorganic P). All the 
isolates exhibited the ability of potassium and phosphorus 
solubilization: The isolate DD-4 was capable of maximally 

solubilizing potassium, i.e., 1.37 mg/L; the isolate DD-2 had 
the maximum inorganic phosphorus solubilizing capacity, 
i.e., 288.33 mg/L; and the isolate DD-3 had the maximum 
organic phosphorus solubilizing capacity, i.e., 31.58 mg/L.

The production of IAA, GA and siderophore is illus-
trated in Fig. 3b. All the isolates were capable of synthesiz-
ing IAA, GA and siderophore: The yield of isolate DD-2 
IAA, GA and siderophore, respectively, reached 55.66 mg/L, 
16.33 mg/L and 51.22%; the yield of isolate DD-3 IAA, 
GA and siderophore was up to 68.34 mg/L, 18.52 mg/L and 
38.77%, respectively; and the yield of isolate DD-4 IAA, GA 
and siderophore was 75.89 mg/L, 23.58 mg/L and 52.88%, 
respectively.

Plant Growth‑Promoting Ability Assays

Promotion of Growth Parameters of Rice Above‑Ground 
Indicators by Isolates

Compared with the control (Fig. 4), the isolates exhibiting 
different concentrations and time exerted different promot-
ing effects on the above-ground indicators of rice (ANOVA, 
P < 0.05). With the increase in isolates concentration and 
the times of isolates added, the effect to boost rice seed-
ling growth first increased and then leveled off. Compared 
with the uninoculated control above-ground fresh weight 
(0.071 g) (Fig. 4a), in the treatment of seed soaking, the 
optimal growth-promoting capacity was 109 CFU/mL DD-3 
(0.24 g); in the treatment of the added isolates on the 0th 
day, the optimal growth-promoting capacity was 107 CFU/
mL DD-4 (0.21 g); in the treatment of the added isolates on 
the 0 and 10th days, the optimal growth-promoting capac-
ity was 106 CFU/mL DD-4 (0.52 g); in the treatment of 
the added isolates on the 0, 10 and 20th days, the optimal 

Table 1   Physiological–
biochemical characteristics of 
bacteria

Positive ( + ), negative (−)

Characters DD-2 DD-3 DD-4

Hydrolysis of starch −  +  −
Glucose fermentation experiment  +   +   + 
Lactose fermentation experiment  +   +   + 
H2S production  +   +   + 
Indole production  +   +   + 
Methyl red test − − −
Voges–Proskauer test − − −
Citrate test −  +   + 
Form Round, smooth and 

opaque
Round, smooth and 

transparent
Round, smooth 

and transpar-
ent

Color White White White
Dry humidity Moist Moist Moist
Shape Rod like Rod like Rod like
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growth-promoting capacity was 106 CFU/mL DD-3 (0.63 g); 
in the treatment of the added isolates on the 0, 10, 20 and 
30th days, the optimal growth-promoting capacity was 
107 CFU/mL DD-3 (1.04 g); and in the treatment of the 
added isolates on the 0, 10, 20, 30 and 40th days, the optimal 
growth-promoting capacity was 109 CFU/mL DD-3 (0.52 g).

Compared with the uninoculated control stem diameter 
(1.4 mm) (Fig. 4b), in the treatment of seed soaking, the 
optimal growth-promoting capacity was 109 CFU/mL DD-3 
(2.09 mm); in the treatment of the added isolates on the 0th 
day, the optimal growth-promoting capacity was 106 CFU/

mL DD-2 (1.87 mm); in the treatment of the added iso-
lates on the 0 and 10th days, the optimal growth-promoting 
capacity was 106 CFU/mL DD-4 (3.06 mm); in the treat-
ment of the added isolates on the 0, 10 and 20th days, the 
optimal growth-promoting capacity was 106 CFU/mL DD-4 
(2.84 mm); in the treatment of the added isolates on the 0, 
10, 20 and 30th days, the optimal growth-promoting capac-
ity was 107 CFU/mL DD-3 (3.53 mm); and in the treatment 
of the added isolates on the 0, 10, 20, 30 and 40th days, the 
optimal growth-promoting capacity was 109 CFU/mL DD-4 
(2.79 mm).

Fig. 1   Neighbor-joining phylogenetic dendrogram based on 16S 
rDNA sequences displaying relationships between the bacterial iso-
lates and their closest taxa. The numbers at the nodes indicate the 
levels of bootstrap support based on data for 1000 replicates; values 

derived greater than 50% are only presented. The scale bar represents 
the observed number of changes per nucleotide position. Accession 
numbers are given in parenthesis
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Compared with the uninoculated control chlorophyll con-
tent (1.13 mg/L) (Fig. 4c), in the treatment of seed soak-
ing, the optimal growth-promoting capacity was 106 CFU/
mL DD-4 (2.3 mg/L); in the treatment of the added isolates 
on the 0th day, the optimal growth-promoting capacity was 
106 CFU/mL DD-4 (2.04 mg/L); in the treatment of the 
added isolates on the 0 and 10th days, the optimal growth-
promoting capacity was 107 CFU/mL DD-4 (2.72 mg/L); 
in the treatment of the added isolates on the 0, 10 and 20th 
days, the optimal growth-promoting capacity was 107 CFU/
mL DD-2 (2.52 mg/L); in the treatment of the added isolates 
on the 0, 10, 20 and 30th days, the optimal growth-promot-
ing capacity was 109 CFU/mL DD-4 (2.57 mg/L); and in the 
treatment of the added isolates on the 0, 10, 20, 30 and 40th 
days, the optimal growth-promoting capacity was 108 CFU/
mL DD-2 (1.94 mg/L).

Compared with the uninoculated control plant height 
(23.5 cm) (Fig. 4d), in the treatment of seed soaking, the 
optimal growth-promoting capacity was 109 CFU/mL DD-3 
(36 cm); in the treatment of the added isolates on the 0th 

day, the optimal growth-promoting capacity was 109 CFU/
mL DD-2 (34.13 cm); in the treatment of the added iso-
lates on the 0 and 10th days, the optimal growth-promoting 
capacity was 106 CFU/mL DD-4 (46.25 cm); in the treat-
ment of the added isolates on the 0, 10 and 20th days, the 
optimal growth-promoting capacity was 106 CFU/mL DD-4 
(47.5 cm); in the treatment of the added isolates on the 0, 
10, 20 and 30th days, the optimal growth-promoting capac-
ity was 108 CFU/mL DD-4 (49.75 cm); and in the treatment 
of the added isolates on the 0, 10, 20, 30 and 40th days, the 
optimal growth-promoting capacity was 109 CFU/mL DD-4 
(49.75 cm).

Promotion of Growth Parameters of Rice Below‑Ground 
Indicators by Isolates

Compared with the control (Fig. 5), the isolates exhibiting 
different concentrations and time of addition exerted differ-
ent effects to promote the below-ground indicators of rice 
(ANOVA, P < 0.05). With the increase in isolates concen-
tration and the time of isolates added, the effect to boost 
rice seedling growth first increased and then leveled off. 
Compared with the uninoculated control root fresh weight 
(0.025 g) (Fig. 5a), in the treatment of seed soaking, the 
optimal growth-promoting capacity was 106 CFU/mL DD-2 
(0.047 g); in the treatment of the added isolates on the 0th 
day, the optimal growth-promoting capacity was 106 CFU/
mL DD-3 (0.04 g); in the treatment of the added isolates on 
the 0 and 10th days, the optimal growth-promoting capac-
ity was 107 CFU/mL DD-3 (0.098 g); in the treatment of 
the added isolates on the 0, 10 and 20th days, the optimal 
growth-promoting capacity was 106 CFU/mL DD-3 (0.17 g); 
in the treatment of the added isolates on the 0, 10, 20 and 
30th days, the optimal growth-promoting capacity was 
107 CFU/mL DD-3 (0.38 g); and in the treatment of the 
added isolates on the 0, 10, 20, 30 and 40th days, the optimal 
growth-promoting capacity was 109 CFU/mL DD-2 (0.17 g).

Compared with the uninoculated control root length 
(4.2 cm) (Fig. 5b), in the treatment of seed soaking, the 
optimal growth-promoting capacity was 109 CFU/mL DD-2 
(8.6 cm); in the treatment of the added isolates on the 0th 
day, the optimal growth-promoting capacity was 109 CFU/
mL DD-2 (6.9 cm); in the treatment of the added isolates 
on the 0 and 10th days, the optimal growth-promoting 
capacity was 106 CFU/mL DD-4 (9.3 cm); in the treatment 
of the added isolates on the 0, 10 and 20th days, the opti-
mal growth-promoting capacity was 109 CFU/mL DD-4 
(9.4 cm); in the treatment of the added isolates on the 0, 10, 
20 and 30th days, the optimal growth-promoting capacity 
was 107 CFU/mL DD-3 (10.2 cm); and in the treatment of 
the added isolates on the 0, 10, 20, 30 and 40th days, the 
optimal growth-promoting capacity was 106 CFU/mL DD-4 
(8.9 cm).

Fig. 2   Growth characteristics of bacterial isolates. a Effects of initial 
pH value on the growth of the bacterial isolates. b Effects of culture 
temperature on the growth of the bacterial isolates
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Compared with the uninoculated control root activity 
(0.025 mg/g·h) (Fig. 5c), in the treatment of seed soaking, 
the optimal growth-promoting capacity was 108 CFU/mL 
DD-4 (0.37 mg/g·h); in the treatment of the added isolates 
on the 0th day, the optimal growth-promoting capacity was 
107 CFU/mL DD-3 (1.27 mg/g·h); in the treatment of the 
added isolates on the 0 and 10th days, the optimal growth-
promoting capacity was 109 CFU/mL DD-4 (0.52 mg/g·h); 
in the treatment of the added isolates on the 0, 10 and 20th 
days, the optimal growth-promoting capacity was 108 CFU/
mL DD-3 (0.23 mg/g·h); in the treatment of the added iso-
lates on the 0, 10, 20 and 30th days, the optimal growth-
promoting capacity was 106 CFU/mL DD-3 (0.34 mg/g·h); 
and in the treatment of the added isolates on the 0, 10, 20, 
30 and 40th days, the optimal growth-promoting capacity 
was 106 CFU/mL DD-4 (0.26 mg/g·h).

Discussion

Rice refers to one of the most cultivated cereals in the world 
(Lee et al. 2018). Plants absorb a variety of mineral ele-
ments as nutrients for their ideal growth. P and K elements 
are abundant in soil, in the form of silicate and phosphate, 
whereas they are difficult to absorb (Khaliq et al. 2018). To 
achieve the optimal yield of rice, a high amount of fertilizer 
is required. However, excessive use of synthetic fertilizers 
will result in environmental pollution (Farooq et al. 2018). 
There are various growth-promoting bacteria in rice rhizo-
sphere. It is considered that synthetic fertilizer should be 
replaced with biological fertilizer and beneficial microorgan-
ism (Ngo et al. 2019). Furthermore, it has been extensively 
demonstrated that inoculating beneficial microorganisms 
on rice can significantly increase different parameters (e.g., 

Fig. 3   Plant hormone produc-
tion and solubilized insoluble 
silicate and phosphate capacity 
of the bacterial isolates. a The 
measurement of the bacterial 
isolate abilities to solubilize 
potassium and phosphorus of 
the bacterial isolates. b IAA, 
GA and siderophore production 
by the bacterial isolates
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plant height, stem diameter and root growth) and improve 
soil properties (Erdogan et al. 2018).

In the present study, the rhizosphere bacteria of rice were 
isolated and identified from the soil of a farm in Northeast 
China. 16S rDNA phylogenetic analysis revealed that the 
three isolates of bacteria isolated from rice rhizosphere soil 
consisted of Bacillus megaterium DD-2, Bacillus aryabhat-
tai DD-3 and Bacillus subtilis DD-4. Bacillus enhances plant 
growth by more than 20 possible mechanisms, of which the 
most prominent are the release of valuable metabolites, such 
as phytohormones, antibiotics and siderophores (Adnan et al. 
2020). Moreover, bacillus has good stress resistance, and it 
is widely employed in the biological fertilizer production 
(Tahir et al. 2018). Under the initial pH value of 7 at 30 °C, 
the number of viable bacteria was the maximum. Both pH 
and temperature could affect the growth of the strain and the 

function of promoting plant growth. At the temperature of 
25 ~ 32 °C, the pH value was 6 ~ 8, and the microbial activity 
was more active. Bacillus velezensis was cultured at 10 ~ 80 
°C and pH 5.5 ~ 9.0 (Li et al. 2020). Chelating compounds, 
siderophores and mineral acids produced by bacteria are also 
accountable for P and K solubilization in soils (Adnan et al. 
2019). Similarly, bacteria produce low-molecular-weight 
organic acids that acidify the soil and solubilize insoluble 
inorganic phosphate compounds, such as tricalcium phos-
phate, dicalcium phosphate, hydroxyapatite and rock phos-
phate (Adnan et al. 2018). Bacillus decomposes minerals 
and insoluble silicic acid by releasing silicon and potassium 
ions to form organic acids and polysaccharides. It is believed 
that organic acids establish organic ligands and promote 
silicate dissolution by forming unstable framework surface 
complexes and metal complexes (Depeng et al. 2018). To be 

Fig. 4   Effects of the bacterial isolates on different growth parameters 
of rice plants above-ground indicators in pots. a Effects of the bacte-
rial isolates on rice fresh weight. b Effects of the bacterial isolates on 
rice stem diameter. c Effects of the bacterial isolate on rice total chlo-

rophyll. d Effects of the bacterial isolate on rice plant height. Data are 
expressed as means ± standard deviation. In the figure, ***, ** and * 
indicate P < 0.001, P < 0.01 and P < 0.05, respectively
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specific, DD-4 exhibited the maximum potassium dissolving 
capacity, i.e., 1.37 mg/L, DD-2 was capable of dissolving 
inorganic phosphorus maximally, with the treatment capac-
ity of 288.33 mg/L, and DD-3 had the maximum solubility 
of organic phosphorus, i.e., 31.58 mg/L. According to the 
research, a strain of Bacillus methylotrophicus (DD-1) was 
isolated. Its potassium soluble activity was 1.18 mg/L (Liu 
et al. 2020). As demonstrated by the qualitative analysis of 
phosphorus enrichment, Bacillus megaterium YLYP1 pro-
duced 716 mg/L of available phosphate within 6 days under 
the optimal culture (Yu et al. 2019). All isolates are capable 
of synthesizing IAA, GA and siderophores. At the germina-
tion stage, seeds obtain most of their nutrients from internal 
reserves, but growth hormones like auxins or gibberellins 
produced by bacteria stimulate the process of germination 
(Adnan et al. 2020). IAA is an important plant growth-
promoting hormone, which is synthesized by rhizobia and 
leads to root elongation, root hair and lateral root prolifera-
tion (Wang et al. 2016). Bacillus cereus, Bacillus pumilus, 
Bacillus halotolerans and Bacillus vallismortis produce IAA 

(Efe 2020). Likewise, the beneficial effects of Gibberellin 
on enhancing plant metabolism and generally synthesized 
by plants, fungi and bacteria have been extensively reported 
(Salazar-Cerezo et al. 2018). Bacillus megaterium CDK25 
that synthesize siderophores have been shown to promote 
the growth of Capsicum annuum L (Bhatt and Maheshwari 
2020a, b). The amount of IAA produced by microorganisms 
depends on the internal operating pathway; for example, the 
amount of IAA produced by the tryptophan-dependent path-
way will be higher, while the amount of IAA produced by 
the tryptophan-independent pathway will be lower (Fahad 
et al. 2017). Plant growth-promoting rhizobacteria release 
substances like phosphatases, IAA and gibberellins in addi-
tion to different organic and mineral acids, which ultimately 
improve crop growth (Adnan et al. 2020).

The effects of bacterial isolates on rice plant growth 
were studied by pot experiment. Under different growth 
conditions, plant growth can be effectively promoted either 
by the application of bacteria alone or in combination with 
chemical fertilizers (Stanojkovic-sebic et al. 2018). The 

Fig. 5   Effects of the bacterial isolates on different growth parameters 
of rice plants below-ground indicators in pots. a Effects of the bacte-
rial isolates on rice root fresh weight. b Effects of the bacterial iso-
lates on rice root length. c Effects of the bacterial isolate on rice root 

activity. Data are expressed as means ± standard deviation. In the fig-
ure, ***, ** and * indicate P < 0.001, P < 0.01 and P < 0.05, respec-
tively
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stem length, root length, shoot fresh weight, root fresh 
weight and chlorophyll content were higher compared 
with those of the rice plants treated with IP alone. With 
the increase in the concentration of isolates and the time 
of addition, the overall effect of the isolates to boost the 
growth of rice seedlings first increased and then leveled 
off. Different isolates exerted different effects to promote 
rice growth, and the more the isolates added, the pro-
motion effect would not be improved. After the strain is 
applied to rice, the availability of silicon increases, which 
may increase the amount of deposits in the leaves, thereby 
strengthening the leaves and increasing their surface area. 
This can ultimately be attributed to the use of increased 
photosynthesis to maximize the collection of sunlight 
(Fahad et al. 2017). In order to make full use of the soluble 
phosphorus and other nutrients in the soil, plants need to 
have a well-developed root system to increase the absorp-
tion of nutrients and water in the soil. Therefore, phos-
phate-dissolving rhizosphere bacteria are very important 
for agriculture, but the bacteria IAA increases the root 
surface area and length, thereby providing more nutrients 
and water for plants (Adnan et al. 2018). Many research-
ers have shown that compared with the fertilizer added on 
the 12, 14 and 16th days, the fertilizer growth on the 10th 
day of seedling growth is better, and the above-ground 
and underground characteristics of rice seedlings change 
with the fertilizer concentration (Xiao et al. 2019). In the 
pot experiment, as impacted by the limitation of soil, the 
effect of the times of adding isolates on the growth of rice 
will be increasingly less, so in-depth research is required 
in field conditions.

In brief, three isolates of growth-promoting bacteria 
were isolated and identified from rice rhizosphere soil in 
Northeast China, including Bacillus megaterium DD-2, 
Bacillus aryabhattai DD-3 and Bacillus subtilis DD-4. As 
revealed from the results, all isolates were capable of dis-
solving potassium and phosphorus. All isolates exhibited 
the ability to synthesize IAA, GA and siderophores, which 
showed the properties to significantly promote the growth 
of rice. The above-ground indexes (e.g., plant height, 
stem diameter, above-ground fresh weight and chloro-
phyll content) and above-ground indexes (e.g., root length, 
root fresh weight and root activity) of rice seedlings were 
elevated by the isolates. The bacterial isolates observed in 
the present study show promising biological applications.
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